Abstract. Implementation of prosumer energy generation to low-voltage network systems involves both benefits
Introduction
Prosumer energy generation is becoming an increasingly important element of electric power systems. A novel feature of such installations is the option of equipping them with energy storage units [1] . In Poland, it is chiefly solar PV installations that are applied as micro-sources of energy. In 2016, total installed capacity in PV microinstallations connected to the network system exceeded 100 MW [2] , which makes a fourfold increase as compared to the preceding year. It is forecasted that in the oncoming years the photovoltaic market will develop equally dynamically.
Operation of PV sources is characterized by daily cycles of variable generation depending on the insolation conditions. The insolation level varies depending on the time of year and day and also on the actual weather conditions. A prosumer installation includes loads, whose operation is also of a variable character depending on a week day and the daily work and life routines of the inhabitants. Unfortunately, it often happens that characteristics of the generation and of the loads are not mutually correlated, which can cause problems for the network system where to the prosumer installations are connected [3] .
The above makes a challenge for the distribution network operators (DNOs), who are responsible for proper operation of the network, because the LV grid changes from an one-source supply structure to a more complex system that includes many sources. It can bring about a change from the unidirectional to the bidirectional power flow and most of the presently operated grids are not adjusted to that [4] . Connection of distributed sources to the system involves changes in the load flow, voltage profile of the grid and voltage drop values, which consequently affects voltage values in individual nodes of the grid. Practical experience shows that it leads to exceeding of the allowed voltage values in those nodes.
Another problem for the DNOs are such sources, whose operation is not controllable as well as single-phase sources that introduce additional asymmetry to the power system.
In order to deal with the above mentioned problems, it is necessary to develop a network operation control system using algorithms that are adjusted to the network character. Such an algorithm is based on the ability to control selected sources in the grid as well as on controllability of the MV/LV transformation ratio. The control system should also define a communication model that meets requirements set by the control algorithm [5] .
Lack of control over the LV grid operation will force its modernization in order to adjust its technical parameters to the actual conditions with the effect of microgeneration taken into account [5] .
Network system with grid-connected microgeneration sources Figure 1 presents a fragment of a LV distribution grid with the connected consumers and prosumer installations to be used to analyze the above discussed problems. A transformer of a controllable transformation ratio is installed in the MV/LV transformer substation. The LV grid represents a radial system and the connections are made of insulated conductors of various diameters adjusted to the expected load profile. The network system includes prosumer installations (Fig. 1) In the considered network system, the nodal voltage value can be determined as follows:
The U 0 busbar voltage value at the low voltage side of the MV/LV substation depends on the actual transformation ratio. At the assumption that values of resistance and reactance in the individual line segments are constant, the voltage drop value depends on voltage drop values in those line segments or indirectly on the active and reactive power in specific nodes.
Assuming that:
 at the instant t 1 voltage in the node i is U i 1 ,  at the instant t 2 power generation level (P g , Q g ) has changed only in the node i and its voltage is U i 2 it is possible to determine a parameter that describes voltage change in the node i as:
At the assumption that the source operates at a constant value of the generated reactive power (Qg = const) or that the control is realized by curtailment of the generated active power by a constant value the formula 3 can be simplified as follows:
The parameter is a measure of the source control range for the node i, at the generated power change by a preset value of ∆P g .
Control algorithm
The discussed solution is based on the concept of an active network [7] , [8] . The concept concerns a LV grid that includes microgeneration. This system is characterized by real-time measurements and the control realized by local systems of internal control as well as an intelligent central control system. Reliable exchange of information is indispensable for proper operation of the active grid. The active network management systems are meant to increase the interconnection potential for distributed sources and at the same time to maintain stability of the system and a good level of the power quality parameters. It has been assumed that each node with a connected source is controlled with the application of a controller that supervises operation of the node. This controller is designed for the acquisition of local signals, communication with the inverter in order to change the operation characteristic and to induce incremental reduction of the generated power P g . There is also a supplementary controller installed in the MV/LV substation. Its task is to control the transformer operation and the tap changer as well as to monitor the load on individual power lines outgoing from the substation. This controller also functions as a remote control device within the SCADA system.
There are two control algorithms that can be distinguished in the discussed system: 1. A local voltage control algorithm (Fig. 2) It enables coordination and control over the whole grid in order to ensure proper voltage values (Fig. 4) . The task of the local control algorithm is to avoid exceeding of the preset maximum voltage values (U max ) in the grid. The controller controls the value of phase voltages in a grid node. In the case, when the U max voltage value gets exceeded the generated power P g is reduced by the value of ∆P g , which results in the nodal voltage decrease by the value of δU i . After a preset time delay course on account of the inverter reaction time, the operation is repeated till U i <U max or the maximum curtailment level N max is obtained (the number of levels depends on the inverter technological potential). After the lapse of a specified time, the power curtailment is removed. It can be realized only in the case, when the voltage boosting by the value of δU i does not bring about exceeding of U max . Additionally, once a day in the evening, when the generating installations sit idle, the local algorithm resets all the generation curtailments (N = 0). Fig. 3 . Action ranges of the local and the distributed algorithms
The algorithm for distributed coordinated voltage control in the network system is based on local measurements and data concerning actual operation conditions of individual microgeneration installations. Its task is to keep voltage within specified limits for all the grid nodes. (Fig. 4) .
The controller that cooperates with the inverter real time collects information on voltage values in specified grid points, on the microgeneration source influence on the voltage conditions (δU i ) as well as on the currently selected inverter operation characteristic. The collected data are sent to the substation controller. The first step is to determine actual maximal and minimal grid voltage values based on the local measurement data. The obtained values are compared to the boundary values -the upper one U iglim and the lower one U idlim that can be described as:
The coefficient k ≥ 1 makes possible to determine action ranges for the both algorithms as well as to adjust them so that to ensure their correct operation (Fig. 3) .
If no cases of voltage exceeding are recorded for a specified time period t, then the controller continues its operation without undertaking any additional actions. By contrast, if the maximum voltage value exceeds a specified level U iglim on a longtime basis (for the t time period), the controller activates the local control mode. A change of the inverter operation characteristic is attempted. It is a change to the Q(P) of that microgeneration installation, whose influence on the deteriorated voltage conditions of a given grid branch is the greatest at a given instant, which means that it meets the condition δU i = δU Gmax . Once this step is completed, the voltage exceeding condition is checked again and if such need arises a selection of a generator to change its operation characteristic is performed again. If the exceeding of U iglim persists despite changing the operation mode of all the generators, the next decision is to adjust the tap setting on the on-load tap changer and thereby to decrease voltage in the transformer substation. Such a change is not possible in the case, when the tap changer is already set to the lowest tap or, when in some other point of the grid the voltage is too low. If one of the mentioned conditions is met, the algorithm determines a third way to deal with the elevated voltage, which is gradual local curtailment of the generated power (the local control algorithm). As in the inverter case, the selection of a source to apply the curtailment scheme is based on the assessment of the voltage drop difference value (5)
In a situation, when a change in the network conditions occurs such as a change in the load or a change in the generation level resulting from changing insolation conditions, the control algorithm supports termination of the curtailment scheme with the lapse of a preset time period and a return to the inverter settings that ensure the maximum generation level. In the case, when a long-term voltage decrease down to below the lower bound U idlim is recorded, the controller sends a signal for the tap change and thereby induces incremental voltage boosting in the substation. substations cooperating with the HV/MV substation that apply that standard. In order to ensure real-time monitoring of the system and proper functioning of the distributed algorithm, it is necessary to synchronize time settings of all the cooperating controllers. The UTC time synchronization mechanism can be applied for that purpose. A programmable logic controller or some other remote control device of the MV/LV substation equipment should be applied as the time standard.
The developed communication system will also influence functioning of the distributed coordinated voltage control algorithm. Delays that form due to the communication system operation have to be considered, when the timing for individual members of the algorithm is defined.
Conclusions
The article presents a control system for a low voltage grid that includes distributed low-power energy sources. The system is composed of several mutually dependent elements.
Architecture of the system is the first of those elements. Regarding the distributed character of small-scale electricity generation, the control system as well has to be characterized by a distributed architecture and additionally to ensure autonomous operation of its individual elements. The second element is a system for the measurement data acquisition that supplies information on the values of electrical quantities measured in the grid nodes. The third element is a control algorithm. It is the most important part of the system, where the control is realized both individually in each node of the grid and collectively -at the level of the entire network system. The algorithm has to take into account specific properties of individual energy sources and the cooperating inverters, operation characteristics of individual customers and technological constraints that characterize the power system. The basic task of local algorithms is to optimize operation of the energy sources respecting the required voltage constraints. The distributed algorithm is meant to influence the functioning of local algorithms in such a way as to minimize and eliminate voltage hazards related to the operation of a group of energy sources.
The last of the discussed control architecture elements is a communication system that is indispensable to ensure data exchange between the component system elements. Its correct operation ensures access to the information and enables realization of the collective algorithm. It also enables measurement data acquisition from local systems. Additionally, the communication system can ensure retransmission of selected data to the SCADA system of the network operator [10] . The discussed control system concept assumes the application of programmable logic controllers (PLCs) as devices that make possible to flexibly shape the system elements.
New effective solutions for the network system management can minimize negative phenomena related to the distributed electricity generation, which year on year will gain an increasing importance taking into account the presently observed dynamically increasing number of the installed microgeneration sources. Owing to them, the potential of integrating distributed energy sources into the power grid will grow without undertaking expensive modernization works.
Commission Regulation (EU) establishing "Network Code on Requirements for Grid Connection of Generators" [13] that imposes a requirement for including microgeneration installations into the remote control system offers a good basis for starting research activities on the implementation of the control algorithms to LV grids with a high share of distributed generation. 
